and monovalent cations have no protective action at 10-3 M concentration, and only a slight effect at higher concentrations. The osmotic stability conferred on protoplasts by spermine is irreversible. However, the protective effect of polyamines against lysis is not accompanied by restoration of viability to lysozyme protoplasts. There is a marked reduction in the loss of ultraviolet-absorbing material from the protoplasts to the medium when 10-3 M spermine is present.
The naturally occurring polyamine, spermine, has been found to protect certain microorganisms from death due to exposure to hypotonic media. Mager (1955 Mager ( , 1959a demonstrated that, when Neisseria perfiava or Pasteurella tularensis is washed with water or when Achromobacter fischeri is suspended in dilute sodium chloride, the organisms lose their viability. However, very low concentrations of spermine added to the suspending medium completely protected these organisms. These findings suggested that spermine might serve as a stabilizing factor in other osmotically unstable systems such as the protoplasts and spheroplasts of Escherichia coli.
Studies previously reported, both by Mager (1959b) and in a preliminary communication from our laboratory (Tabor, C. W., 1960a) , have indeed demonstrated that low concentrations (10-3 M) of spermine added to water can stabilize these structures which would otherwise lyse in solutions of comparable tonicity.
In this paper, I shall present more detailed data on these experiments, using both protoplasts prepared by the lysozyme-ethylenediaminetetraacetate (EDTA) technique and spheroplasts prepared by the penicillin technique. I am also reporting studies on some of the characteristics of the stabilized protoplasts, particularly studies on their viability. In this paper, for convenience, the term "spheroplast" has been used to refer to the osmotically fragile forms produced by the action of penicillin on bacteria, and the term "protoplast" for the osmoticallyfragile forms produced by lysozyme, even though there is still insufficient evidence for E. coli that the lysozyme-treated bacteria completely conform to the definition of protoplasts published by Brenner et al. (1958) .
MATERIALS AND METHODS
C14-spermine tetrahydrochloride was prepared by E. L. Jackson and S. M. Rosenthal (1960) . 1,4-Diaminobutane dihydrochloride, 1, 5-diaminopentane dihydrochloride, spermidine phosphate, and spermine tetrahydrochloride were commercial preparations. Spermidine trihydrochloride was prepared from the commercial spermidine phosphate. Spermidine phosphate (2 g) was passed through a Dowex 1 (OH-) column (1.3 by 20 cm). The effluent was evaporated to dryness after acidification with excess hydrochloric acid, and the residual spermidine hydrochloride was recrystallized from ethanolwater. TABOR metal-free sucrose for use in the preparation of protoplasts.
All other chemicals were commercial preparations.
M1icrococcus lysodeikticus (ATCC 4698) All experiments were performed as soon as protoplast formation was complete (10 to 30 min after addition of lysozyme), since, on more prolonged exposure to lysozyme, even at zero degrees, the protoplasts underwent further changes; they appeared larger when examined by phase microscopy after several hours, and lost ultraviolet-absorbing material to the medium. It is important to note, as demonstrated by Repaske (1958) , that the EDTA must be added at the same time as the lysozyme, that excess lysozyme or divalent ions can inhibit lysis, and that the cells must be freshly harvested after good aeration. Dowex 50-treated sucrose was used in the medium during the preparation of protoplasts.
To prepare protoplasts of Al. lysodeikticus, cells were grown in Beers' (1955) liquid medium at 37 C with good aeration; 32 ml of culture were centrifuged. The cells were resuspended in 32 ml of water and collected again. The pellet was resuspended in 16 ml of 0.5 M sucrose-0.03 M tris Cl (pH 8), and 150 Mig of lysozyme were added. The suspension was incubated at 25 C for 10 min.
Preparation of spheroplasts with penicillin.
Spheroplasts of E. coli W were prepared according to a modification of Lederberg's (1956) method. Horse infusion broth cultures were grown overnight with shaking at 37 C. Then, 4 ml of the fully-grown culture were added to 12 ml of synthetic medium (Vogel and Bonner, 1956) (Vogel and Bonner, 1956) high spermine concentrations (10-2 M) produced aggregation of the protoplasts. Spermidine trihydrochloride (10-3 M) and 10-3 M CaCl2 were also effective stabilizers. 1, 4-Diaminobutane hydrochloride, 1, 5-diaminopentane hydrochloride, and MgCl2 (10-3 M) all showed only a slight effect. In this experiment, streptomycin sulfate (10-3 M) and quinacrine hydrochloride (10-3 M), and in other experiments triethylenetetramine hydrochloride (10-3 M), arcaine (10-3 M), pOly-Llysine (182 4g/ml), and protamine sulfate (200 ,ug/ml) were also effective stabilizers. However, these also produced aggregation of the protoplasts; dispersion was incomplete, thus rendering the optical density measurement relatively inaccurate. Thus, the polyamines, the divalent cation Ca++, and several strongly basic compounds were effective in preventing lysis. Diamines and Mg++ were slightly effective. Monovalent cations and basic amino acids, however (K+, Na+, NH4+, lysine, and ornithine), were essentially without any stabilizing effect at * E. coli cells grown overnight in horse infusion broth at 37 C were converted to protoplasts by the lysozyme-EDTA procedure. Samples (1 ml) of the cells or of the protoplasts were centrifuged, and the pellets were resuspended in 2 ml of the medium indicated. A fall in optical density at 650 m,u indicates lysis. M. lysodeikticus cells were grown overnight in Beers' (1955) medium at 37 C with shaking. Protoplasts were prepared as described in the text; 1-ml samples were centrifuged, and the pellets were resuspended in 2 ml of spermine or other suspending medium. Polylysine was 10-3 M with respect to the lysine moiety.
t An effect of Ca++ on protoplast stability was demonstrated by Repaske (1958) . He showed that Dowex 50-treated E. coli cells could be converted by lysozyme to protoplasts without the EDTA which is needed with untreated cells. Under these circumstances the formation of protoplasts was inhibited by the addition of Ca++ or other divalent ions.
10-2 M or even at 10-i M concentrations; higher concentrations were not tested.
The stabilization of M1. lysodeikticus protoplasts by polyamines and other bases was also 1962] TABOR studied. Samples (1 ml) of a 11. lysodeikticus protoplast suspension were centrifuged, and the pellets were suspended in 2 ml of the solutions indicated in Table 1 . Protoplasts of M1.
lysodeikticus were protected most completely by polylysine; however, agglutination occurred at this concentration. Spermine also gave good protection against lysis, but spermidine, 1,4-diaminobutane, 1, 5-diaminopentane, and calcium were without any observable effect (Table   1 ).
The effect of low concentrations of the polyamines and other bases on the osmotic fragility of spheroplasts produced by the penicillin procedure was investigated. Optical densities at 650 m,u are given in Table 2 . These spheroplasts lysed if suspended in water, as indicated by the marked fall in optical density at 650 m,. If they were resuspended in 0.5 M sucrose, however, essentially no fall in optical density occurred. Spermine hydrochloride and streptomycin sulfate gave the greatest protection, but streptomycin also resulted in clumping. Even though a marked fall in optical density occurred with spermidine or calcium ions, indicating that the protection was much less than that due to spermine, nevertheless a minor degree of protection was consistently found in a number of experiments. CaCl2 0.12 * Spheroplasts were prepared by adding 4 ml of an overnight horse infusion broth culture of E. coli B to 12 ml of synthetic medium (Vogel and Bonner, 1956 ), containing 0.5 M sucrose. To this, 0.16 ml of 0.1 M glucose and 18 mg of penicillin were added, and the cultures were incubated at 37 C for 165 min. In the experiment listed, 1-ml samples were centrifuged immediately and the pellets were resuspended without delay in 1 ml of 10-3 M solutions of spermine or other bases to be tested. The optical densities of the suspensions at 650 m,u were read promptly. The optical density of the original spheroplast suspension was 0.21. In summary, I have shown that, in general, the most effective protection against lysis of protoplasts or spherol)lasts in hypotonic medium is obtained with the basic compounds, spermine, spermidine, poly-L-lysine, quinacrine, and streptomycin, and by the divalent cation Ca++. Diamines, MIg+ , monovalent cations, and dibasic amino acids had little or no protective effect.
Effect of preliminary exposure to low concentrations of polyamines on subsequent lysis in water.
The above experiments demonstrated that protoplasts and spheroplasts of E. coli do not lyse in suspending media containing low concentrations of polyamines. Once the protoplasts have been exposed to these low concentrations of polyamines, they do not lyse even if subsequently suspended in water (Table 3) . The protective effects of preliminary exposure to these compounds against subsequent lysis in water were in general similar to the results obtained in Table 1 . When a sample of the same protoplast preparation was suspended in water without previous exposure to spermine, the optical density at 650 m,u fell to 0.01.
In a comparable experiment with E. coli B, the effects of the polyamines were similar to those observed with E. coli W (Table 3) .
Similar but less complete protection was found when penicillin spheroplasts of E. coli W had been exposed to low concentrations of spermine before exposure to water. Optical densities at 650 m,u are given in Table 4 . The highest optical density was observed with polylysine hydrochloride, but this was complicated by gross clumping of the spheroplasts which could not be dispersed. Spermine tetrahydrochloride was a moderately effective stabilizer; spermidine trihydrochloride and streptomycin sulfate were somewhat less effective. 1, 4-Diaminobutane dihydrochloride, 1, 5-diaminopentane dihydrochloride, calcium chloride, magnesium chloride, ammonium chloride, sodium chloride, and Llysine hydrochloride were without significant effect at the concentrations tested.
In other experiments, I found that once the protoplasts had been exposed to spermine, even repeated centrifugation and resuspension in water resulted in no change in the corrected optical density at 650 m,u (Table 5) .
Effect of preliminary exposure of bacteria to polyamines before the addition of lysozyme or penicillin. In the above series of experiments, Poly-L-lysine HCltt 0.21 * Protoplasts of E. coli W or E. coli B were prepared in sucrose-tris buffer with lysozyme and EDTA; 10 min after the addition of lysozyme, 1-ml samples were made 10-3 M with respect to spermine or other base by addition of 0.01 ml of a 10-1 M solution. The samples were then centrifuged, and the pellets were resuspended in 2 ml of water. Optical densities were read at 650 m,u immediately after the suspensions were prepared. The cultures used for these experiments were grown in the synthetic medium (Vogel and Bonner, 1956) .
t Clumping of the particles was grossly visible. These were broken up as well as possible by vigorous shaking before reading.
t In other experiments, the addition of 0.01 ml of either protamine sulfate (20 mg/ml) or triethylenetetramine hydrochloride (10-1 M) to 1-ml samples of E. coli W protoplasts also protected the protoplasts against subsequent lysis in water. Clumping of the protoplasts occurred with these substances. Poly-L-lysine solutions were 10-3 M with respect to the lysine moiety.
polyamines were added only after the Iysozyme or penicillin had acted on the cells. Results now to be described suggest that prior treatment of cells with polyamines prevents the formation of osmotically-fragile protoplasts by added lysozyme (Table 6 ). The prior treatment of cells with spermine or spermidine prevented the development of the osmotic fragility observed in the preceding experiments. With lpreliminary exposure of the cells to 1 4-diaminobutane, however, there was only a partial protection. When examined with the phase microscope, cells treated first with spermine and then with lysozyme-EDTA retained their normal shape, size, and motility. However, viability studies (see below) indicated that there had been some alteration in these cells.
In a comparable group of experiments, in which spermine was added to E. coli before the formation of penicillin spheroplasts, spermine had only a moderately protective effect against osmotic lysis (Table 7) .
It is of interest that Brown (1960) found that spermine inhibits the lysis of cell walls isolated from a halophilic bacterium by an autolytic enzyme present in the walls.
Effect of spermine on the loss of ultravioletabsorbing material to the medium from lysozyme protoplasts. A loss of ultraviolet-absorbing materials to the medium occurred over an 18-hr period at 2 C, even when the protoplasts were collected by centrifugation and suspended in 0.5 M sucrose (Table 8 ). The loss of ultravioletabsorbing material was not accompanied by comparable lysis of the cells; i.e., the suspension remained opaque, and in the phase microscope Spermine HCl 0.28 0.14 * Cells were diluted with fresh medium as described under Methods. To one tube, penicillin alone was added. A second tube was made 2 X 10-3 M in spermine just before the penicillin was added. A control culture without penicillin was run simultaneously. These were allowed to incubate for 165 min at 37 C. At this time the optical density (650 m,u) of the control culture in the absence of penicillin was 0.26. protoplasts of E. coli W were stored in the suspending medium at 2 C for 18 hr. The suspension was centrifuged at 0 C and the 260-m,u absorption of the supernatant fluid was determined. For this experiment, the cells were grown in a synthetic medium plus glucose (Vogel and Bonner, 1956) . In other experiments, the addition of 10-3 M spermine to cells suspended in sucrose did not diminish the amount of 260-m,u material lost from cells to the suspending medium. * Samples (0.5 ml) of cells or protoplasts in 0.5 M sucrose-0.03 M tris (pH 8) were centrifuged, and the pellets were resuspended in 1 ml of 0.001 M spermine hydrochloride containing 2,600 counts per min per ml of C14-spermine hydrochloride, or in 1 ml of 0.001 M 1,4-diaminobutane hydrochloride containing 680 couints per min per ml of C14-1,4-diaminobutane hydrochloride. After centrifugation, the supernatant solution was separated from the pellet and a sample was plated, dried, and counted. The count/min in the pellet were calculated by difference. The spermine-treated pellet was suspended in 1 ml of water and recentrifuged; the pellet was again suspended in fresh water, and recentrifuged. Samples of each supernatant solution were plated, dried, and counted. No gross evidence of lysis occurred during this experiment. The 1,4-diaminobutane-treated pellet was resuspended twice in 0.5 M sucrose-0.03 M tris HCl buffer (pH 8.0), centrifuged, and the count/min of each supernatant solution were determined.
STABILIZATION OF PItOTOPLASTS BY POLYAMINES
t No sucrose was present. t Sucrose (0.5 M) was used in this experiment, since in other experiments we have observed a lower optical density when protoplasts pretreated with 1,4-diaminobutane were suspended in water protoplasts. When cells were suspended in 0.001 M C'4-spermine, the uptake equaled approximately 50 ,umoles per g, wet wt (Table 9) . This was not due to exchange, since by methods previously described (Tabor, Rosenthal, and Tabor, 1958) I found that the spermine concentration of E. coli cells which had been grown in horse infusion broth was less than 0.4 ,umole per g (wet wt).
When protoplasts which had been prepared with lysozyme from the same cells were suspended in 0.001 M C14-spermine, a comparable amount of spermine was taken up by the protoplasts. This spermine was tightly bound to both the protoplasts and cells, since on repeated suspension in water, only a small percentage of the counts appeared in the water. However, the bound spermine in the protoplasts could exchange with spermine in the medium; when lprotoplasts were suspended in 0.1 M spermine, the counts appeared in the medium.
When cells (Table 9) . This represents about 25 ,umoles per g (wet wt). A comparable culture of E. coli W grown in horse infusion broth contained less than 10 ,umoles of 1 ,4-diaminobutane per g (wet wt); therefore, exchange could not account for all of the uptake of counts. Similar results were obtained when lysozyme protoplasts were suspended in C14-1 ,4-diaminobutane. The uptake of spermine by whole cells has been described for Staphylococcus aureus (Razin and Rozansky, 1959; Rosenthal and Dubin, 1960) and for E. coli . The uptake of spermidine has been described for protoplasts of Bacillus subtilis (Bachrach and Cohen, 1961 t Added 0.5 hr after addition of lysozyme.
If spheroplasts suspended in sucrose are treated with C'4-spermine, about half of the C'4 is absorbed by the spheroplasts; if they are then resuspended in sucrose, the C'4-spermine is gradually lost to the medium. Although this could mean that the binding is less firm than with protoplasts, it seems more likely that the loss is due to the gradual lysis of the spheroplasts referred to above.
Effect of spermine on the viability of protoplasts and spheroplasts. Previous workers have shown that when bacteria are converted to protoplasts, the cells lose their viability, i.e., their ability to reproduce (Weibull, 1958) . I have found a 95 to 99% loss of viability 30 min after the cells were treated with lysozyme. In the experiment reported in Table 10 , for example, the recovery of viable cells -from E. coli protoplasts was 1 % after 30 min of incubation with lysozyme. Concentrations of polyamines which protected lysozyme protoplasts of E. coli against osmotic lysis did not restore viability of the protoplasts. Efforts to increase the yield of viable cells by allowing protoplasts to incubate at 0 C or at 37 C in horse infusion broth-0.5 M sucrose were not successful; the addition of 10-3 M spermine or 10-3 M spermidine to the diluting medium did not increase the y-ield of viable cells.
Although the survival at 0.5 hr may be due to cells unaffected by lvsozyme, the following data suggest that it is due to viable protoplasts. (Table 10) . When, however, spermine was added to a sample of protoplasts in the lysozyme-EDTA medium (final spermine concentration, 5 X 10-4 M), this fall was inhibited. Thus, after 24 hr at 0 C the viable cell count of the untreated protoplast suspension fell to k.,ooo the count observed at Other criteria for protoplast formation that have been used with other organisms, e.g., the appearance of reducing sugar and of free N-acetylglucosamine after lysozyme treatment, were not satisfactory in these studies. E. coli W incubated for 24 hr without lysozyme gave a positive reducing sugar test by the Park and Johnson (1949) procedure, while even 24 hr incubation with lysozyme liberated no free N-acetylglucosamine, i.e., less than 10 ,g/ml by the Reissig, Strominger, and Leloir (1955) method. The appearance of free reducing groups when intact E. coli were incubated at 37 C in the presence of tris buffer (pH 8) could reflect leaking. Under these conditions, I also observed that there was a loss of 260 m,-absorbing material from these cells, which equaled half the amount lost if a comparable suspension of cells underwent complete lysis.
The viability of E. coli spheroplasts depended on the medium in which the cells were converted to spheroplasts. Under my standard conditions, without added magnesium, I observed 10% viability at 150 min after the addition of penicillin. When the medium contained 10-3 M MgCl2
(as described by Lederberg, 1956) , I found, in agreement with Lederberg's results, a marked increase in viability (over 50%). In both cases, little or no effect was observed upon the addition of 2 X 10-3 M spermine during the preparation of the spheroplasts or 10-M spermine at 150 min. DISCUSSION Primosigh et al. (1961) have shown that the wall of E. coli consists of three layers, an outer lipoprotein layer, a middle lipopolysaccharide layer, and an inner mucopeptide layer. They consider that the rigidity of the cell wall can be attributed to the innermost layer, the outer two layers being flexible. When the inner rigid layer is not present or functioning, osmotic changes can give rise to swelling and ultimately to rupture of the cell.
Protoplasts are cells which have a defective rigid wall because of the enzymatic action of lysozyme on the mucopeptide layer (Primosigh et al., 1961) . Spheroplasts are thought to have defective rigid layers because of penicillin inhibition of synthesis of the mucopeptide layer (Park and Strominger, 1957) . The stabilization of protoplasts and spheroplasts by spermine may be due to a functional correction of these defects, or to an effect or spermine on the outer layers. Primosigh et al. (1961) 
